The Urucu oilfield (Amazon Basin, Brazil) has a large volume of produced water with a high concentration of salts. The treatment and disposal of its produced water are very difficult, justifying its reuse. In this work, synthetic produced waters, with different concentrations of calcium and magnesium salts, are used in the formulation of water-based drilling fluids. A full 3 2 factorial design is applied to evaluate the influence of these salts on fluid rheology and filtrate. Magnesium concentration did not influence the properties of the fluid, but higher concentrations of calcium (43.63g/L) caused undesirable outcomes, including the presence of precipitate, high volume of filtrate, thick cake formation, and rheological properties with low power of carrying gravels. The high content of sodium in the produced water eliminated the need of adding NaCl to drilling fluid, making the developed fluid less expensive. The best composition was obtained using produced water with maximum magnesium concentration (9.411g/L) and minimum calcium concentration (0.733g/L).
INTRODUCTION
According to the American Petroleum Institute (API), drilling fluid is a circulating fluid used during rotary drilling operations (Fink, 2012) . It can be called "boreholes blood" for maintaining a properly functioning well. It is also called slurry or mud, and it flows through the drill string, spraying out of nozzles on the drill bit. The main functions of a drilling fluid are: to drag the drill cuttings to the surface; to control formation pressure; to cool and lubricate the drill; and to "seal" permeable formations, maintaining the stability of the well The base of a water-based fluid can be fresh water, salt water, brine, or saline solution. It may contain several dissolved substances, including: alkalis, salts, surfactants, organic polymers in colloidal form, emulsified oil droplets, and insoluble substances such as barite and clay. The type of fluid chosen in drilling operations depends on the formation and the region to be drilled (Fink, 2012; Lake, 2006) . Drilling fluids represent one of the largest expenses of the drilling process. To minimize its costs and ensure efficient drilling, fluid properties must be monitored and maintained during operations, being essential to control rheological properties, density, API filter, solid and liquid content, pH, chloride content, and fluid hardness ( Produced water is the largest waste of the oil industry and, generally, it contains high levels of heavy metals, organic compounds, and other toxic elements added during oil production. Wastewater may cause a negative environmental impact if improperly discarded (Rocha et al., 2012). Currently, it can be treated to remove dispersed oil, organic matter, suspended particulates, gases, carbon dioxide, hydrogen sulfide, toxic contaminants, and dissolved salts. After treatment, it can be used for injection in secondary recovery wells, discharged into surface water bodies, applied in oil and gas drilling operations, used in irrigation systems, and even for feeding animals and humans (Fakhru'l-Razi et al., 2009).
Considering that produced water is an oilfield waste, Fakhru'l-Razi et al. (2009) suggested a three-step management to prevent environmental pollution. First, it is necessary to employ advanced technologies to reduce its production. Second, it should be reused or recycled. Finally, if neither of the previous steps are practical, it should be disposed of properly. Zeng et al. (2016) evaluated treatment technologies for the Arctic offshore produced waters. They observed that centrifuges are more efficient in the removal of small oil droplets than hydrocyclones, but require higher energy and maintenance costs. They also evaluated physical filtration systems using sand and nutshells, treatments by membrane techniques, adsorption, and chemical oxidation, among others. However, each of these treatments had some pros and cons and it was still necessary to develop a more mature regulatory system to meet the needs of production in harsh environments. Riley et al. (2016) evaluated the pre-treatment of produced water and fracturing flowback wastewater using biologically active filter (BAF). The use of this technology before ultrafiltration and nanofiltration membrane technologies reduced problems related to membrane fouling. The authors observed that, with full treatment, more than 99% organic constituents and more than 94% total solid dissolved may be removed, producing water that can be used in several applications, including livestock watering, aquifer recharge, hydraulic fracturing, and other industrial applications.
The produced water from the Urucu oilfield (Amazon basin -Brazil) is considered a problem due to its high volume, the difficulties in promoting onsite treatment and disposal, and the presence of high concentrations of calcium and magnesium chlorides and organic compounds in its composition. Due to environmental concerns, water-based drilling fluids are used in drilling operations in this oilfield. Based on the exposed, this work aims to use synthetic produced water in the formulation of these fluids, observing the influence of calcium and magnesium concentrations in its rheological behavior and filtrate properties.
MATERIALS AND METHODS

Synthetic produced water
According to Sharghi et al. (2014), synthetic produced water was synthesized. The chemicals and concentrations shown in Table 1 were used in the process. First, the salts were added to one liter of distilled water to prepare the brine.
Subsequently, this brine was stirred at 27,000 rpm (3 min) with a Turratec mechanical stirrer (TECNAL, Mod. TE-102) and the oil (1g/L) was added dropwise during 3 minutes. 
Drilling fluid preparation
The water-based drilling fluid was formulated using 350mL of synthetic produced water and additives. Table 3 describes the order addition, concentration, and stirring time used in the experiment. A Hamilton Beach mechanical stirrer was used in this step (FANN, Mod. HMD200).
Determination of water-based drilling fluid properties
All procedures to determine the properties of the drilling fluid were performed according to the American Petroleum Institute guidelines (API, 1990).
Density and rheology
The density of the fluid was obtained using a mud balance (Fann, Model 140). Shear stress, plastic viscosity (PV), apparent viscosity (AV), yield point (Yp), and gel strength parameters (initial 10-seconds and final 10-minutes) were determined using a rotary viscometer (Fann, Model 35). The thixotropic properties were also considered. The 6-speed rotational viscometer read the viscosity values at different speeds (600rpm, 300rpm, 200rpm, 100rpm, 6rpm , and 3 rpm). Initial and final gel strengths were obtained according to the American Petroleum Institute Guidelines (API, 1990). Plastic viscosity, apparent viscosity, and yield point were calculated according to Equations (1), (2), and (3) (AMOCO, 1994).
(1) (2) (3)
Filtration, retort, pH, and ageing properties
To determine the API filtration, at low pressure and temperature, an API filter press (Fann API series 300, LPLT) was used. The test was performed at 100 psi, for 30 minutes. At the end of the test, filtrate volume and cake thickness were measured. The retort test was used to determine the percentage of the liquid phase (vol. % water and vol. % oil) collected after the distillation of a known volume of fluid. The retort solids were calculated subtracting the volume of the collected liquid phase from the total volume of fluid used in the test (API, 1990). The pH test was performed with the aid of a pH indicator paper. For the dynamic ageing study, ageing cells with water-based drilling fluids were placed in a roller oven (Fann, model 704ET), and agitated by rolling the cells during 16h, at 65 °C. 
Determination of chloride and calcium contents
The chloride content (Cl -) was determined by titration of the filtrate. Silver ion (Ag + ) was used as titrant (0.282N AgNO 3 solution) and potassium chromate as indicator of the endpoint when an orange-red color was obtained, indicating the presence of silver chromate. The concentration of chloride ions in the filtrate was obtained when Cl -> 10,000 mg/L, by using Equation (4) (API, 1990).
(4)
Calcium content in the filtrate was obtained by titration with 0.01M EDTA solution using Calcon as indicator. Calcium concentration (mg/L) was determined using Equation (5) (API, 1990).
(5)
Cake thickness
Cake thickness measurements were performed using a Vernier caliper.
Experimental design
A 3 2 full factorial design was used to evaluate the influence of calcium and magnesium concentrations in rheological and filtration properties of the developed water-based drilling fluids. Nine formulations of drilling fluids were assayed, all in duplicate, to estimate experimental error, using a synthetic produced water with a different composition, regarding to calcium and magnesium concentrations, as shown in Table 4 . The STATISTICA 7.0 software was used to evaluate the influence of the selected factors in the properties of the obtained water-based drilling fluids.
RESULTS AND DISCUSSION
Properties of the water-based drilling fluids
During the experimental procedure, to formulate the water-based drilling fluid, NaCl was used as clay swelling inhibitor and thickening agent. A synthetic produced water, with a high content of NaCl, was used in the composition of the drilling fluids. Two water-based drilling fluids were obtained: one using NaCl as additive (17 lb/bbl) and the other one without this additive. Table 5 shows the properties of the obtained drilling fluids. It can observe that the fluid formulated without addition of NaCl presented similar results for rheology, weight, and pH. However, the filtrate volume was quite smaller, showing that the excess of NaCl can inhibit the action of filtrate control agents (CMC ADS, and HPA) by means of ion exchange mechanisms. This will result in a high filtrate (10.5mL), which causes the formation of a thicker cake, with possibilities to promote complications related to stuck pipe, since the oil well diameter is reduced. The following Table 4 . Encoded matrix with factors levels and concentrations of calcium and magnesium in the synthetic produced waters for each experimental run. study will limit the use of additional NaCl in the formulation of the drilling fluid, resulting in a less expensive fluid.
Experimental design
The objective of the experimental design was to evaluate the influence of calcium and magnesium concentrations in rheological and filtrate properties of the water-based drilling fluids. The Statistica  software (7.0) was used for this purpose. This study considered two factors (calcium and magnesium concentrations) and three levels (-1, 0, +1). The maximum concentration levels (+1) for Mg (9.411 g/L) and Ca (43.630 g/L) were set based on the concentrations of salts found in the produced water from the Urucu oilfield. The minimum levels, (-1), 0.209 g/L for Mg and 0.733 g/L for Ca, were fixed based on the salt contents normally added in the water used to formulate water-based drilling fluids. The evaluated responses were rheological properties, filtrate volume, and also chloride content in the filtrate. Table 6 shows the concentration of calcium and magnesium used in the produced water and the evaluated properties: initial gel (iG), final gel (fG), apparent viscosity (AV), plastic viscosity (PV), yield point (YP), filtrate volume, and chloride and calcium concentrations in the filtrate. Table 7 shows the same results for the fluids after the ageing process.
Rheological properties
The thixotropy is obtained by the difference between the final gel (fG) and the initial gel (iG). For all studied fluids, the thixotropy degree was Table 5 . Properties of the drilling fluids formulated with and without addition of NaCl as additive.
Properties
Fluid with NaCl* Fluid without NaCl** around 1. This result was also obtained for the fluid formulated with the initial produced water (Table 5 -without addition of NaCl, Ca, and Mg). The thixotropy of all developed fluids was low and the presence of calcium did not change this result.
The apparent viscosity decreased with increasing calcium concentration, both before and after ageing process, impairing the efficiency of the fluid. This effect was observed due a reduction in the efficiency of viscosifying agents (polymers) with increasing calcium concentration.
For plastic viscosity results, it was observed a similar behavior to ones obtained for apparent viscosity, before and after the ageing process. The increase in calcium concentration reduced the plastic viscosity. This occurred because the excess of Ca + 2 in water caused the replacement of the Na + from CMC, resulting in a CMCCa +2 precipitate. This precipitate, once formed, reduced the dispersed particles, causing a reduction in plastic viscosity. This is considered a negative result since once a fluid with low power to transport rock cuttings is obtained drilling operations are damaged.
For the yield point, a reduction in this value was also observed with increasing calcium concentration due to a reduction in interaction forces between dispersed particles. The formation of precipitate will reduce the resistance of the fluid to move, thus, reducing the work necessary for pumping this fluid.
The magnesium concentration range evaluated was smaller than the calcium one and, as observed in Tables 6 and 7 , showed no influence on rheological parameters.
The Pareto charts (95% confidence level) for rheological properties (Table 6 ) are shown in Figure  1 . A statistically significant relationship between calcium and magnesium concentrations with initial gel (Fig. 1a) , final gel (Fig. 1b) , apparent viscosity (Fig. 1c) , and plastic viscosity (Fig 1d) of the developed water-based drilling fluids was not observed. This occurred because the concentration of biopolymer and natural modified polymer in the formulation of the proposed fluids are sufficiently low, resulting in no changes in its functions. Table 6 , one can observe that the calcium concentration has a direct influence in chloride concentration. This influence does not occur as strongly with the magnesium one, considering that calcium concentration is higher. The Pareto chart (95% confidence level) for this study is shown in Figure 2 . Figure 2 shows that only the effects of calcium (linear, p<0.05,) and magnesium (quadratic, p<0.05) concentrations were statistically significant. The first one with a positive effect in the response and the second one with a negative effect, respectively. The chloride concentration in the filtrate [Cl -] can be determined by using Equation (6) Where [Mg] and [Ca] are the initial magnesium and calcium concentrations in the synthetic produced water, respectively (Table 6 ). For significant effects, the coefficient of determination (R 2 ) of the statistical model was calculated. Table 8 presents an analysis of variance (ANOVA) for the evaluated response, the chloride concentration (mg/L), as a function of calcium and magnesium concentration levels. Calcium chloride and magnesium chloride salts were used in the formulation of the synthetic produced water. As the calcium concentration was always higher than the magnesium one, the Ca 2+ concentration had more influence on the response. With this result, one can conclude that a reaction between chloride ions and fluid additives was not observed. Table 9 shows the results for filtrate volume (mL) according to calcium and magnesium concentrations in the synthetic produced water. One can observe that only calcium concentration influences the filtrate volume. 
Influence of calcium and magnesium concentrations in the filtrate
The determination coefficient (R 2 ) is shown in Table 10 , which also presents an analysis of variance (ANOVA) for the filtrate volume (mL) as a function of calcium and magnesium concentration levels.
The determination coefficient was 0.926, showing that the model well describes the obtained results. Based on the results of Table 10 , one can observe that the F value from the Figure 5 shows a contour plot for the volume of filtrate (mL), the dependent variable, as a function of calcium (g/L), and magnesium concentrations (g/L). It can be observe that calcium concentration has a direct influence in increasing filtrate volume for values above 15 g/L. Conversely, an increase in magnesium concentration does not influence this parameter. As previously explained, the excess of Ca + 2 in water causes the replacement of the Na + from CMC, resulting in a CMCCa +2 precipitate, thereby increasing the volume of filtrate. It is important to consider that an increase of calcium concentration may reduce the activity of filtrate control agents (CMC, ADS, and PAH), damaging its retention power.
To reduce filtrate invasion into the formation, cake permeability must be kept low. The cumulative volume of filtrate is proportional to the amount of cake deposited. Therefore, high permeability values form a thick cake, reduce the diameter of the well, and cause excessive torque and pipe sticking, among other problems. The cakes formed by fluids 8 and 9 were thicker, reaching 4.5 mm, while the other ones varied between 1.5 and 2 mm.
From a geological point of view, the invasion of large volumes of filtrate in the formation can affect its production capacity, modifying properties such as permeability, porosity, and plasticity.
The water-based drilling fluids obtained using produced waters with the highest concentrations of calcium and magnesium, fluids 8 and 9, presented unfavorable results in terms of filtrate and rheological properties. Based on these results, one can establish that calcium concentration is the determining factor in the formulation of waterbased drilling fluids with good performance.
Fluid 4, with the lowest calcium and magnesium concentrations, showed the best results in the filtrate test (low volume of filtrate). Fluid 2, with the minimum calcium concentration and an average value of magnesium concentration, presented filtrate volume close to the one displayed by fluid 4. Fluid 6, with the maximum magnesium concentration and the minimum calcium concentration, presented the volume of filtrate only 1mL higher than the value of fluid 4. Therefore, the magnesium concentration is not a concern in formulating water-based drilling fluids taking advantage of the use of produced water.
CONCLUSIONS
The study of the development of water-based drilling fluids using synthetic produced water, with characteristics similar to the one produced in Urucu field, allowed us to conclude that:
 It is possible to obtain a fluid with desirable characteristics using different contents of chloride, calcium, and magnesium;
 It is not necessary to add NaCl to the produced fluid, thereby reducing costs;
 High concentrations of calcium and magnesium lead to undesirable rheological properties, with declines in the values of plastic and apparent viscosities and gel strength (initial and final);
 Fluids with high concentrations of calcium show thicker cake and high filtrate volumes;
 Magnesium concentration is not a significant parameter, with small influence in the rheological results and filtrate;
 Fluids 4 and 6 represent the best composition;
 Produced water with up to 9.411g/L magnesium concentration and 0.733 g/L calcium concentration can be used in the formulation of water-based drilling fluid, imparting suitable properties to this product, as presented by fluid 6;  Finally, this application constitutes a good alternative for the reuse of produced water.
